Calcium levulinate (4-ketopentanoate) is used as an oral and parenteral source of calcium. We hypothesized that levulinate is converted in the liver to 4-hydroxypentanoate, a new drug of abuse, and that this conversion is accelerated by ethanol oxidation. We confirmed these hypotheses in live rats, perfused rat livers and liver subcellular preparations.
, and would stimulate the reduction of levulinate by a hepatic NADH-dehydrogenase. We also considered that the metabolism of levulinate in cells could generate both enantiomers of 4-hydroxypentanoate. Lastly, we hypothesized that t h e m e t a b o l i s m o f l e v u l i n a t e a n d 4-hydroxypentanoate would follow the reactions of the scheme outlined in Figure 1 . This scheme has features demonstrated previously, i.e., the isomerization of 4-hydroxypentanoyl-CoA to 3-hydroxypentanoyl-CoA via 4-phosphopentanoylCoA followed by $-oxidation to propionyl-CoA + acetyl-CoA (Pathway A). In addition, we hypothesized that 4-hydroxypentanoyl-CoA and levulinyl-CoA are degraded by two parallel $-oxidation processes: pathways B (previously described for 4-hydroxynonanoate (5)) and B' (hypothetical) that converge at 3-keto-4-hydroxypentanoyl-CoA (Fig. 1) . The latter would undergo thiolytic cleavage to acetyl-CoA + the putative lactyl-CoA which has not been identified in mammalian cells. Lactyl-CoA could be hydrolyzed to lactate, and/or "-oxidized to acetyl-CoA + formate.
To test these hypotheses, we tried to design a [ 13 C n ]levulinate substrate which would yield (i) different mass isotopomers 1 of the two acetyl-CoAs presumably derived from C-1+2 and C-4+5 of levulinate, and (ii) allow tracing the production of formate from C-3 of levulinate. In our previous study, we had designed 4-hydroxy- [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]nonanoate which yielded M2 and M1 acetylCoA via Pathways A and B, respectively. However, we could not design a single [ 13 C n ]levulinate which would allow tracing of all the processes outlined in Fig. 1 . We settled on M5 [ 13 C 5 ]levulinate for most of the planned experiments. We also synthesized [3- 13 C]levulinate and [1,2,4,5-13 C 4 ]levulinate to test for the production of formate from C-3 of levulinate.
We previously showed that, among livers perfused with one of the C 4 to C 11 4-hydroxyacids, the highest concentrations of 4-phosphoacyl-CoA and related acyl-CoAs were found in livers perfused with 4-hydroxypentanoate (see Figs 2 and 3S of (5) ). This raised the question of whether the metabolism of levulinate ± ethanol in the liver would lead to substantial CoA trapping, a process linked to a number of perturbations of intermediary metabolism (13) . We tested the above hypotheses in live rats and in perfused rat livers using a combination of metabolomics (14, 15) and mass isotopomer analysis (16) . Our data confirm that levulinate is converted to 4-hydroxypentanoate, and that it is metabolized by the three pathways outlined in Figure 1 . ]pentanoyl-CoA (internal standards for acyl-CoA profiles) were prepared from the acids as described in ref (19) .
EXPERIMENTAL PROCEDURES

In vivo experiments.
Overnight-fasted male Sprague-Dawley rats were anesthetized with 2% isoflurane and fitted with carotid and jugular catheters. After 20 min equilibration, Na-levulinate was infused intravenously, as a 150 mM solution, at 2, 4, 6, 8, 10 or 12 :mol@min !1 @kg !1 for 2 h. In half of the rats, a bolus of 10% ethanol (1.7 M) in saline was injected intraperitoneally at -15 min in an amount calculated to achieve 10 mM in total body water. This was followed by a constant intravenous ethanol infusion at 40 :mol@min !1 @kg !1 . Arterial blood was sampled every 20 min for 2 h.
Perfused liver experiments.
Four groups of livers from male rats (200-250 g) were perfused (20) with recirculating bicarbonate buffer containing 4% dialyzed, fatty acid-free, bovine serum albumin, 4 mM glucose, ± 2 mM M5 levulinate ± 20 mM ethanol (or 20 mM ethanol without levulinate). Perfusate was sampled every 20 min. Livers were quick-frozen at 2 h.
Analytical Procedures.
The concentrations and mass isotopomer distributions of the various acids, ketoacids and hydroxyacids were assayed by GC-MS of trimethylsilyl or pentafluorobenzyl derivatives, using analog unlabeled or labeled compounds as internal standards. The concentration and labeling of acetate and formate were assayed using negative chemical ionization of the pentafluorobenzyl derivatives. The concentrations and mass isotopomer distributions of acyl-CoA esters were assayed as in ref (5) . The chromatographic conditions optimize the separation of short-and medium-chain acyl-CoAs. Since the peaks of levulinyl-CoA and 4-hydroxypentanoyl-CoA partially overlapped (retention times: 14.3 and 14.7 min, respectively), peak integrations were conducted on the front 50% of the levulinyl-CoA peak and the rear 50% of the 4-hydroxypentanoyl-CoA peak. For the assay of the concentrations of new acyl-CoA esters for which unlabeled and labeled standards are not available, we used a calibration curve of acetyl-CoA concentration with an internal standard of [ 2 H 9 ]pentanoyl-CoA prepared from the acid (19) .
To assay the distribution of chiral enantiomers of 4-hydroxypentanoate and lactate, we prepared the (R)-2-butyl-O-acetyl derivatives by a modification of Struys et al's procedure (21) . This procedure involves reacting the samples with 2(R)-butanol + HCl, extracting the 2(R)-butyl hydroxyester, andacetylating the latter with acetic anhydride. We achieved the double derivatization in one step by reacting the samples with 2(R)-butanol + acetyl chloride. The derivatives were assayed by electron ionization GC-MS. The concentration of ethanol in rat plasma was assayed by head-space GC-MS with an internal standard of 1-propanol (22) .
Pilot enzymatic assays.
Rat liver mitochondria and cytosolic extracts (100,000 x g supernatants) were prepared as in (23) . Mitochondria (2.5 or 6 mg) were incubated in 1.2 ml buffer (100 mM KCl, 50 mM MOPS, 5 mM Kphosphate, 1 mM EGTA, pH 7.4) containing 4.2 mM glutamate, and 6 :M rotenone at 30°C in Mitocell MT200 incubation chambers. The kinetics were started by adding 5 mM acetoacetate (controls) or levulinate. Incubations were conducted for 30 min (acetoacetate) or 120 min (levulinate) with multiple sampling. Cytosolic extracts (2.4 mg protein) were incubated for up to 2 h with 0.3 mM NADPH and 2.8 mM levulinate in a total volume of 3.5 ml 50 mM potassium phosphate buffer pH 7.4 at 30°C. The production of 4-hydroxypentanoate was assayed as the trimethylsilyl derivative and as the chiral 2(R)-butyl-O-acetyl derivative.
Calculations.
Correction of measured mass isotopomer distributions for natural enrichment was performed using the CORMAT software (24) .The data points shown in the figures represent means of duplicate GC-MS or LC-MS/MS injections, which differed by <2%. The statistical differences between some profiles were tested using an unpaired t test (Graph Pad Prism Software, version 3). 4- from 0 to 120 min to compensate for ethanol metabolism. This rate of infusion corresponds to the reported activity of alcohol dehydrogenase in the whole liver (12) . The plasma ethanol concentration at 120 min was 3.7 ± 1 mM (n = 6). Because the half-maximal ethanol uptake by perfused rat livers was observed at a perfusate concentration of 0.25 mM (25), ethanol oxidation was operating at maximal capacity throughout the experiment. The other 6 rats, used as controls (infused with levulinate but no ethanol), were injected and infused with saline. Figure 2 shows the profiles of plasma levulinate and 4-hydroxypentanoate concentrations in the two groups of rats. Compared to the levulinate controls, ethanol administration resulted in higher plasma levulinate and 4-hydroxypentanoate concentrations, and significantly increased [lactate]/[pyruvate] ratios (not shown). These experiments demonstrated that (i) levulinate is reduced to 4-hydroxypentanoate in vivo, (ii) ethanol stimulates the reduction of levulinate to 4-hydroxypentanoate, and (iii) ethanol decreases total levulinate metabolism in vivo. However, because we do not know the volumes of distribution of levulinate and 4-hydroxypentanoate in rats, we could not calculate metabolic rates from the data of Figure 2 . This is why we turned to perfused rat liver experiments.
RESULTS
Reduction of levulinate to
We perfused 4 groups of isolated rat livers for 2 h with recirculating buffer containing initially 4 mM glucose and either (i) nothing (controls), (ii) 2 mM M5 levulinate, (iii) 2 mM M5 levulinate + 20 mM ethanol, or (iv) 20 mM ethanol. Figure 3 shows for groups (ii) and (iii), which contained M5 levulinate, the total levulinate uptake and 4-hydroxypentanoate production over 2 h. Contrary to what we observed in vivo, ethanol almost doubled the uptake of levulinate by the liver. Also, ethanol tripled the production of 4-hydroxypentanoate from levulinate by the isolated liver. Ethanol shifted the distribution o f l e v u l i n a t e m e t a b o l i s m b e t w e e n 4-hydroxypentanoate production and catabolism from 1/1 to 4/1.
Chiral assay of 4-hydroxypentanoate in the final perfusates of groups (ii) (levulinate) and (iii) (levulinate + ethanol) revealed that the proportions of the (R)-enantiomer were 84 ± 0.3% and 79 ± 1.4%, respectively (p = 0.007).
Evidence that levulinate and 4-hydroxypentanoate are catabolized as outlined in Figure 1 . The putative pathways of levulinate metabolism were confirmed by the identification of a number of acyl-CoAs, as well as by the assays of their concentrations and their mass isotopomer distributions (Tables 1 and 2 ). Further confirmation was obtained from the mass isotopomer distribution of some carboxylic acids (Table 2 ). In livers perfused with an initial 2 mM of M5 levulinate ± 20 mM ethanol, the three C 5 acyl-CoAs initially derived f r o m t h e s u b s t r a t e ( l e v u l i n y l -C o A , 4-hydroxypentanoyl-CoA and 4-phosphopentanoylCoA, Fig 1) accumulated in large amounts (Table 1) . These three acyl-CoAs, which are the initial intermediates of Pathways B', B and A, respectively ( Fig. 1 ), were only M5 labeled as expected. Consistent with Pathway A, propionyl-CoA was 24% and 47% M3-labeled in livers perfused with M5 levulinate or M5 levulinate + ethanol, respectively ( Table 2) . We did not identify the products of 4-hydroxypentanoyl-CoA isomerization, i.e., 3-hydroxypentanoyl-CoA and the latter's oxidized form, i.e., 3-ketopentanoyl-CoA in liver tissue. However, we identified the corresponding 3-hydroxypentanoate in the perfusate. Unexpectedly, the mass isotopomer distribution of the latter was not only M5, but was mostly M3 with a small component of M5 ( Table 2 ). The only possible explanation of the isotopomer distribution of 3-hydroxypentanoate is the combined reversibility of the reactions catalyzed by 3-hydroxyacyl-CoA dehydrogenase and 3-ketoacyl-CoA thiolase (Pathway A) in intact liver cells. This combined reversibility results in the exchanges of (i) the C-1+2 moiety of 3-hydroxypentanoyl-CoA with free acetyl-CoA, and (ii) the C-3+4+5 moiety of 3-hydroxypentanoyl-CoA with propionyl-CoA. However, the propionyl moiety exchanges much more slowly than the acetyl moiety (26) . This explains the much lower M2 than M3 enrichment of 3-hydroxypentanoate ( Table 2) . The very different rates of exchange by thiolase of the moieties of 3-ketoacyl-CoAs had been originally reported by Hüth et al for acetoacetyl-CoA (27) .
Consistent with Pathways B and B', we identified the six C 5 acyl-CoAs which we had hypothesized to derive from 4-hydroxypentanoylCoA and levulinyl-CoA (Fig. 1) . The identifications were based on LC-MS/MS with specific mother/daughter ion relationships and on the mass isotopomer distributions of the compounds. The mass isotopomer distribution was instrumental at differentiating the isomeric compounds 4-keto-3-hydroxypentanoyl-CoA and 3-keto-4-hydroxypentanoyl-CoA (Fig. 1 ) which have the same mother/daughter ion pairs. We had anticipated that 3-keto-4-hydroxypentanoyl-CoA, a presumed substrate of a reversible thiolase, would have a component of M3 labeling as a result of isotopic exchange with acetyl-CoA. This was the case: 56% M5 and 44% M3. In contrast, we anticipated that 4-keto-3-hydroxypentanoyl-CoA, which would not be a substrate for a thiolase, would be mostly M5 labeled. This was the case: 94% M5.
3,4-Dihydroxypentanoyl-CoA ( 
is either (R)-or (S)-because 4-hydroxypentanoate derived from levulinate is 85% (R)-and 15% (S)-
(more on this in the Discussion). The two diastereomers of 3,4-dihydroxypentanoyl-CoA had similar mass isotopomer distributions: 83% M5 and 15% M3, vs 87% M5 and 11% M3 ( Table 2 ). The presence of M3 isotopomers of the two diastereomers of 3,4-dihydroxypentanoyl-CoA shows that the acetyl moiety of each diastereomer exchanges with acetyl-CoA via 3-hydroxyacyl-CoA dehydrogenase and 3-ketoacyl-CoA thiolase.
We did not identify lactyl-CoA which would be formed, after the convergence of Pathways B and B', via thiolytic cleavage of 3-keto-4-hydroxypentanoyl-CoA. However, we found that perfusate lactate was mostly M3 labeled, and was more M3 labeled than pyruvate (Table 2 ). This showed a precursor to product relationship of lactate to pyruvate supporting the formation of M3 lactate by hydrolysis of the putative lactyl-CoA.
Our hypothetical scheme of levulinate catabolism involved the "-oxidation of lactyl-CoA which would yield formate. As expected, M1 formate accumulated in perfusions with M5 levulinate (Fig. 4) . To check whether the production of M1 formate derived indeed from C-3 of levulinate, we perfused 2 livers with [3- 13 14 C]pyruvate (29) . The decarboxylation of pyruvate is further decreased by ethanol oxidation which inhibits citric acid cycle activity (12) . Therefore, only 1 acetyl-CoA is formed per molecule of levulinate. Thus, the M2 enrichment of acetyl-CoA represents the contribution of levulinate to acetyl-CoA production.
Pilot enzymatic assays.
To test for the existence of a mitochondrial dehydrogenase that would reduce levulinate, we incubated intact liver mitochondria with glutamate + rotenone (NADH-generating system) + 5 mM levulinate at 30/C. We observed the production of 4-hydroxypentanoate which was assayed by GC-MS of the trimethylsilyl derivative. The production of 4-hydroxypentanoate was linear with time for 120 min, and with protein concentration (for 0.25 to 0.75 mg protein per incubation). The apparent activity at 5 mM levulinate and 30°C was 0.48 ± 0.03 nmol@min To test for a cytosolic dehydrogenase that would reduce levulinate, we incubated a 100,000 x g supernatant of liver homogenate with levulinate + NADPH. We observed a linear production of 4-hydroxypentanoate. The apparent activity at 30°C was 0.043 ± 0.003 nmol@min 
@(g liver)
!1 (SE, n = 6). When the assay was conducted in the presence of NADH, the activity was less than 20% of the activity measured with NADPH. Chiral GC-MS assay of 4-hydroxypentanoate formed in one cytosolic incubation showed 94% of the (R)-enantiomer. Because of the low sensitivity of the chiral assay, this assay was conducted on the pooled cytosolic extracts of 6 livers.
The total apparent activity (mitochondrial + cytosolic) of enzymes that reduce levulinate to 4-hydroxypentanoate in vitro, is about 16.5 ± 0.95 nmol@min 
@(g liver dry wt)
!1 at 37/C, assuming a (37/C)/(30/C) activity ratio of 1.5 and a (dry weight)/(wet weight) of 0.31 for in vivo liver (16.5 x 1.5 ÷ 0.31 = 82.5). This rate, measured in subcellular fractions of non-perfused livers, accounts for 62% and 21% of the rates of production of 4-hydroxypentanoate measured in rat livers perfused with 2 mM levulinate ± ethanol (134 and 390 nmol@min !1 @(g liver dry wt) !1 , respectively at 37°C (see Fig. 2 , upper sections of bars)).
The above pilot enzymatic assays which identify activities that convert levulinate to 4-hydroxypentanoate are the basis of future studies which will characterize the kinetics of the uncovered activities.
DISCUSSION
Interconversion of levulinate and 4-hydroxypentanoate
In live rats and in perfused rat livers, we demonstrated the reduction of levulinate to 4-hydroxypentanoate (Figs 2, 3) . Also, in livers perfused with (R,S)-or (R)-4-hydroxypentanoate we observed the accumulation of levulinate (not shown). Thus, there is at least one dehydrogenase system that interconverts levulinate and 4-hydroxypentanoate in liver. We could not find any report on an enzyme system that interconverts 4-ketoacids and 4-hydroxyacids longer than 4 carbons in mammalian cells. Kaufman's group (30-32) reported on two enzymes that interconvert succinic semialdehyde and 4-hydroxybutyrate: a cytosolic NADP + -dehydrogenase and a mitochondrial transhydrogenase catalyzing the reaction 4-hydroxybutyrate + "-ketoglutarate : succinate semialdehyde + "-hydroxyglutarate. The transhydrogenase has an absolute requirement for "-ketoglutarate.
In our pilot enzymatic studies, the slow cytosolic NADPH-dependent reduction of levulinate we detected may be catalyzed by the cytosolic 4-hydroxybutyrate dehydrogenase described by Kaufman (30) . The more rapid reduction of levulinate in mitochondria incubated with glutamate and rotenone must be catalyzed by one or more e n z y m e s d i f f e r e n t f r o m K a u f m a n ' s transhydrogenase. The reduction of levulinate by the 4-hydroxybutyrate transhydrogenase would be presumably inhibited by "-ketoglutarate derived from glutamate. Since the addition of glutamate to mitochondria forms a NADH generating system, the reduction of levulinate to 4-hydroxypentanoate is most likely catalyzed by at least one NADHdehydrogenase. This conclusion is supported by the stimulation of levulinate reduction by ethanol in perfused livers (Fig. 3) (12) . Both enantiomers of 4-hydroxypentanoate were generated in mitochondria incubated with levulinate (85% (R)) and in livers perfused with levulinate alone (84% (R)), or with levulinate + ethanol (79% (R)).
The data suggest that the reduction of levulinate in liver mitochondria is catalyzed by either (i) one (R)-and one (S)-NADH-dehydrogenase, (ii) one (R)-NADH-dehydrogenase and a racemase, or (iii) one (R)-NADH-dehydrogenase and a racemase system. T h e ( R ) -d e h y d r o g e n a s e c o u l d b e (R)-3-hydroxybutyrate dehydrogenase, the enzyme that interconverts the physiological ketone bodies, acetoacetate and (R)-3-hydroxybutyrate (33) . In our mitochondria incubations, the rate of levulinate reduction to 4-hydroxypentanoate was 1.6% of the rate of acetoacetate reduction to 3-hydroxybutyrate. Thus, the reduction of levulinate may be a side reaction of (R)-3-hydroxybutyrate dehydrogenase which also interconverts (R)-3-hydroxypentanoate and 3-ketopentanoate (26, 34) .
A possible racemase system would follow the sequence: levulinate º levulinyl-CoA º (S)-4 -h y d r o x y p e n t a n o y l -C o A º ( S ) -4-hydroxypentanoate (Fig. 1., reactions 1, 3 Ethanol decreases slightly but significantly the fraction of (R)-4-hydroxypentanoate derived from levulinate in perfused livers (from 84 to 79%). This effect results probably from the inhibition of the three oxidation reactions catalyzed by 3-hydroxyacyl-CoA dehydrogenase (Fig. 1 
Pathways of levulinate catabolism
In our previous study (5), we showed that 4-hydroxyacids with at least 5 carbons are metabolized by two pathways listed in Fig 1 as A and B . Pathway A involves the isomerization of 4-hydroxyacylCoAs to 3-hydroxyacyl-CoAs via 4-phosphoacylCoAs. Pathway B involves a sequence of $-oxidation and "-oxidation steps. In the present study, we demonstrated that an additional $-oxidation process (pathway B') proceeds from levulinyl-CoA in parallel to pathway B, linking with the latter at 3-keto-4-hydroxy-pentanoyl-CoA. Pathways B and B' differ by the presence of a hydroxy or a keto group on carbon 4 of the fivecarbon intermediates. The identification of acylCoAs which are intermediates in pathways B and B' (Fig. 1) demonstrates that the presence of a keto or a hydroxy group on C-4 of a fatty acid does not prevent any of the reactions of $-oxidation to proceed. In perfusions with (R,S)-4-hydroxypentanoate, the two enantiomers are taken up at the same rate (not shown). One can thus conclude that the configuration of the hydroxyl on C-4 of some acyl-CoA metabolites of levulinate does not affect their flux rates through Pathways A and B (in Pathway B', C-4 is a carbonyl). Further information on the enantiomeric and diastereomeric distribution of levulinate metabolites will require the development of mass spectrometry techniques to measure the chiral composition of hydroxy-and dihydroxyacyl-CoAs.
In the presence of ethanol, we observed marked increases in the uptake of levulinate and in its conversion (12) explains the increase in the reduction of levulinate to 4-hydroxypentanoate. The subsequent decrease in intracellular levulinate concentration stimulates levulinate uptake. The small but significant decrease in the catabolism of levulinate (Fig. 3, lower bars) results from the inhibition of the three reactions catalyzed by 3-hydroxycyacyl-CoA dehydrogenase in Pathways A, B and B' (Fig. 1., reactions 6) . In an apparent contradiction, the inhibition of [ Table 2 ) and in the M3 enrichment of propionyl-CoA (from 24 to 47%). The most likely explanation of these shifts in metabolite enrichments is that the production of unlabeled acetyl-CoA and propionyl-CoA from endogenous long-chain fatty acids and amino acids was more inhibited by ethanol oxidation than the production of labeled acetyl-CoA and propionyl-CoA from [ 13 C 5 ]levulinate. When ethanol is oxidized, the total acetyl-CoA production by the liver is decreased because the respiratory chain is fueled mostly by reducing equivalents formed in the oxidation of ethanol to acetate (12) .
In livers perfused with [ 13 C 5 ]levulinate ± ethanol, the mass isotopomer distribution of lactate and pyruvate (Table 2 ) is compatible with labeled lactate being formed directly from levulinate rather than from pyruvate. In most cases, pyruvate is the precursor of lactate, except when lactate is generated from the oxidation of 1,2-propanediol (35) . In the presence of [ (Fig. 1) (2) . Also, in premature babies treated with oral calcium levulinate for hypocalcemia, serious lactic acidosis developed (4). This unexplained metabolic perturbation vanished when calcium levulinate was replaced by calcium gluconate. In other children treated with cal cium levulinate, the presence o f 4-hydroxypentanoate and levulinate in urine was reported as an incidental analytical finding without firm biochemical explanation (3). While we recognize that there are differences in the metabolism of xenobiotics between humans and rats, we strongly feel that our data are relevant to human health. The recent use of 4-hydroxypentanoate as a drug of abuse (more toxic than 4-hydroxybutyrate (11)) led us to hypothesize that levulinate could be used as a pro-drug. This hypothesis was prompted by our finding that 4-hydroxynonanoate (a metabolite of the lipid peroxidation product 4-hydroxynonenal) reversibly interconverts with 4-ketononanoate in perfused rat livers (5) (5)). First, in mice with 4-hydroxybutyrate aciduria resulting from a deficiency in succinic semialdehyde dehydrogenase (37) , the concentration of 4-phosphobutyryl-CoA in liver and brain was 40 times greater than in wild type mice (5) . The accumulation of 4-phosphobutyryl-CoA may be related to the severe epileptic seizures suffered by these mice, and to the inability to reason in persons intoxicated with 4-hydroxybutyrate. Second, substantial CoA trapping by metabolites of levulinate might interfere with a number of CoA-dependent reactions of intermediary metabolism (13) , and might explain the lactic acidosis observed in premature babies treated with calcium levulinate (4).
Our concerns about CoA trapping and the accumulation of 4-phosphoacyl-CoA are supported by the concentration profiles of acyl-CoAs derived from levulinate in livers perfused with 2 mM levulinate ± 20 mM ethanol ( Table 1 ). The first three acyl-CoAs derived from levulinate, i.e., levulinylCoA, 4-hydroxypentanoyl-CoA and 4-phosphopentanoyl-CoA accumulated to high levels. This resulted in large decreases in the concentrations of acetyl-CoA, propionyl-CoA, methylmalonylCoA, succinyl-CoA and malonyl-CoA, compared to controls. The large decrease in acetyl-CoA concentration induced by levulinate is somewhat blunted by the addition of ethanol, presumably because ethanol oxidation generates acetate which is activated to acetyl-CoA. Of particular concern is the very high concentration of 4-phosphopentanoylCoA in livers perfused with levulinate + ethanol. After ingestion of calcium levulinate, one can expect a high concentration of levulinate in the portal vein. The stimulation by ethanol of levulinate uptake and conversion to 4-hydroxypentanoate (Fig. 3) should result in the release of high concentrations of 4-hydroxypentanoate into peripheral blood (probably in higher concentrations than after the intravenous administration of levulinate (Fig. 2) ). High concentrations of 4-hydroxypentanoate reaching the brain may induce high concentrations of 4-phosphopentanoyl-CoA which could perturb some brain functions by acting as a neuromodulator. The drug effects of 4-hydroxypentanoate are less potent than those of 4-hydroxybutyrate (11) . Addicts may ingest large doses of 4-hydroxypentanoate (or levulinate + ethanol) to produce the desired effects. This is a potentially serious public health concern which calls for an investigation of the effects of the oral ingestion of calcium levulinate + ethanol on brain metabolism and on behavior in live rodents. 
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